Type-2 calcium-dependent potassium (K,,) channels from mammalian brain, reconstituted into planar phospholipid bilayers, are modulated by ATP or ATP analogs via an endogenous protein kinase activity intimately associated with the channel (Chung et al., 1991) . We show here that the endogenous protein kinase activity is protein kinase C (PKC)-like because (1) modulation by ATP can be mimicked by exogenous PKC, and (2) the effects of ATP can be blocked by PKCt,9.36j, a specific peptide inhibitor of PKC. Furthermore, adding the PKC inhibitor peptide after the addition of ATP reverses the modulation produced by ATP, suggesting that there is a phosphoprotein phosphatase activity closely associated with type-2 K,, channels. Consistent with this idea is the finding that microcystin, a nonspecific phosphatase inhibitor, enhances the modulation of K,, channel activity by ATP. Inhibitor-l, a specific protein inhibitor of phosphoprotein phosphatase-1, also enhances the effect of ATP, suggesting that the endogenous phosphatase activity is phosphatase-l-like.
The results imply that type-2 K,, channels exist as part of a regulatory complex that includes a PKC-like protein kinase and a phosphatase-l-like phosphoprotein phosphatase, both of which participate in the modulation of channel function. [Key words:
Ca2+ -activated K' channels, modulation, protein kinases, protein phosphatases, phosphorylation, lipid bilayers, protein complexes, ion channels]
The modulation of membrane ion channels is central to neuronal function. Most (if not all) ion channels are subject to modulation, often as a result of phosphorylation at serine, threonine or tyrosine residues within the sequence of the ion channel protein itself (reviewed in Levitan, 1994) . The widespread existence of such regulatory sites suggests that modulation by phosphorylation may be an essential inherent property of many voltage-gated (Catterall, 1993) and ligand-gated (Raymond et al., 1993 ) ion channels.
We have been investigating the modulation, by phosphorylation, of large conductance calcium-dependent potassium (Kc,,) channels from the mammalian brain (Reinhart et al.. 1991; Chung et al., 1991) . Specific functions of these channels in the nervous system include the setting of neuronal tiring frequencies (Lancaster et al., 1991) , participation in neuropeptide secretion (White et al., 1991; Bielefeldt and Jackson, 1994a) , and regulation of presynaptic calcium signals and neurotransmitter release (Robitaille and Charlton, 1992) . Using planar bilayer reconstitution techniques, we have identified two distinct types of large conductance K,.,, channel in membrane vesicles from rat cortex (Reinhart et al., 1989) . Channels with similar properties have also been identified using patch-clamp techniques (Wang et al., 1992; Bielefeldt and Jackson, 1994a) . These channels have similar single channel conductances. but differ in their kinetics. pharmacology and modulation by the catalytic subunit of the CAMP-dependent protein kinase (PKA) (Reinhart et al., 1989 : Reinhart et al., 1991 . In addition, one of these channels, which we have named the type-2 K,.,$ channel, can be modulated by ATP alone without the addition of exogenous protein kinase (Chung et al., 1991) . This effect of ATP requires protein phosphorylation by an endogenous protein kinase activity that remains intimately associated with the type-2 K,.', channel in the planar bilayer.
The phosphorylation state of any protein represents an equilibrium between opposing protein kinase and phosphoprotein phosphatase activities. Most studies to date have focused on protein kinases as channel modulators, and it is only recently that the crucial role of phosphatases in neuromodulatory phenomena in general, and ion channel modulation in particular, has begun to be appreciated (Reinhart et al., 1991 : White et al., 1991 : Byrne et al., 1993 White et al., 1993; Wilson and Kaczmarek. 1993; Bielefeldt and Jackson, 1994a) . We show here that there is also a phosphoprotein phosphatase activity that remains closely associated with the type-2 K,:, channel in the planar bilayer, and that this activity can be blocked by a specific protein inhibitor of phosphoprotein phosphatase-I. In addition, we provide pharmacological evidence that the endogenous protein kinase activity associated with the channel is protein kinase C (PKC)-like. Thus, the type-2 K,;, channel from rat brain can exist as part of a regulatory complex that includes not only the ion channel itself, but also a specific complement of enzymatic activities that modulate its function. PKC increased the open probability from 2.6 to S.2-fold in seven to nine independent experiments performed. The time course of the action of PKC (Fig.  IB) illustrates that the increase in open probability occurs gradually over a period of many minutes, suggesting that multiple phosphorylation events may contribute to the modulation of channel activity.
Materials
-..
The finding that PKC modulates type-2 channel activity in the same direction as ATP is consistent with the possibility that the endogenous kinase activity is PKC-like. In order to test this further, we asked whether an inhibitor of PKC can block the action of ATP Amino acid residues 19-36 of brain PKC comprise a pseudosubstrate autoinhibitory domain, and a synthetic peptide (PKC,,, ,,,I corresponding in sequence to this domain is a potent and specific inhibitor of PKC (House and Kemp, 19X7). As described previously (Chung et al.. 1991 ) ATP causes an increase in the open probability of more than 60% ( I2 of I9 experiments) of all type-2 K,.,, channels incorporated into lipid bilayers ( Fig.  2A ). This action of ATP is blocked by pretreatment of the channel with PKC,,,,~,,, ( Fig. 2B ; six of six experiments). strongly suggesting that the endogenous protein kinase that mediates the action of ATP is indeed PKC-like in its pharmacology.
To test for the specificity of this block, an inactive analog of PKC,,,, \(,, was used. The arginine residue at position 27 of PKC is essential for autoinhibition, and a synthetic peptide in which this arginine is changed to a glutamate residue (R27E-PKC,,,, ,,,,). although very similar in structure to the parent peptide, does not inhibit PKC activity (House and Kemp, 1987) . Pretreatment of the type-2 channel with R27E-PKC,,, Ih, does not block the increase in open probability evoked by ATP ( Fig. 2C ; four of four experiments), confirming that the block by PKC,,, I,,, results from specific inhibition of a PKC-like activity rather than from nwspecific side effects. To determine whether persistent protein kinase activity is required for the sustained increase in channel open probability produced by ATP we added the PKC inhibitor after first upmodulating the channel with ATP (Figs. 3, 4) . ATP causes a large increase in type-2 channel activity within several minutes after its addition (Figs. 3A,B ; 4). Subsequent addition of PKC, it, I<,,. in the continued presence of ATP, reverses the modulation, and the channel activity declines to (or often below) control levels ( Fig. 3C ; eight of nine experiments). This is confirmed by an examination of the change in channel open probability as a function of time (Fig. 4A) Ca*+-activated K' channels. The ion channel open probability was adjusted to 0.02-0.05 with EGTA, and ATP (0.5 mM) was added at 10 min. Microcystin-LR (0.25 pM) was added at SO min. The data shown are from one of six independent experiments performed. ability ranged from 1.7-to 3.8-fold. In the absence of ATP microcystin does not alter channel activity (II = 4; data not shown).
At the concentration of microcystin (250 nM) used in these experiments, the effect is to block predominantly phosphoprotein phosphatase-I (PP-I ) and phosphatase-2A (PP-2A). without significantly affecting phosphatases-2B or -2C (MacKintosh et al., 1990) . Okadaic acid, a structurally unrelated phosphatase inhibitor that is also relatively non-specific, also enhances the modulation of type-2 K,.,, channels by ATP (1 .S-3. I -fold increase in open probability.
six of seven experiments; data not shown). To characterize in more detail the endogenous phosphatase activity associated with type-2 K,.,, channels, we utilized inhibitor-I (I-I), a specific protein inhibitor of PP-I (Shenolikar and Nairn, I99 I ; Nairn and Shenolikar. 1992). This I9 kDa thermostable protein found in liver, muscle, and brain is active only when it is phosphorylated on the threonine residue at position 35 (Aitken et al., 1982; Stralfors et al., 1989) ; it can be dephosphorylated by phosphatases-2A and -2B. To protect I-I against dephosphorylation during the course of these experiments, the protein was thiophosphorylated using the catalytic subunit of PKA and ATP-yS, since thiophosphorylated proteins are poor substrates for dephosphorylation by phosphoprotein phosphatases (Gratecos and Fischer, 1974) . The modulation of type-2 K,.., channel activity produced by a submaximal concentration of ATP (Fig. 6A) , is markedly enhanced (I .9-4.6-fold) if the channel is pretreated with thiophosphorylated (and hence active) I-I ( Fig. 6B; II = 3 ). In addition, the fluctuations normally seen after ATP treatment (e.g., Figs. 5, 6A) are largely abolished in the presence of I-l (Fig. 6B) . I-l alone does not affect the activity of this channel in the absence of ATP (II = 3; data not shown). These results are consistent with the participation of an endogenous PP-I -like phosphoprotein phosphatase activity in the modulation of the type-2 K, ,, channel from rat brain. Discussion K,:, channels are ubiquitously distributed in a wide variety of organisms and tissues, including the mammalian CNS (Latorre et al., 19X9; McManus, 1991) . Because they provide a link between the membrane potential and second messenger systems, regulation of their activity is critical for many cellular functions. Modulation of K,,, channels by protein phosphorylation and other mechanisms has been documented in several cell types (DePeyer et al., 1982; Ewald et al., 1985; Lechleiter et al.. 1988; Sadoshima et al., 1988; Kume et al., 1989 Kume et al., , 1992 Toro et al., 1990; White et al., 1991 White et al., , 1993 Bielefeldt and Jackson, 1994a) . In neurons, K,.,, channel modulation is likely to influence such essential functional properties as action potential frequency and neurotransmitter release (Lancaster et al., 1991; White et al.. 1991; Robitaille and Charlton, 1992; Bielefeldt and Jackson, 1994a) .
Modulatim by two protein kinuses
Although several cDNA's coding for K,:, channels have recently been cloned (Atkinson et al.. 1991; Adelman et al., 1992; Butler et al., 1993; Tseng-Crank et al., 1994) , we do not know the sequence of the type-2 Kc,, channel from rat brain. Nevertheless, from the experiments in planar bilayers, in which the channel protein is essentially at infinite dilution in the bilayer lipid, we can infer that this channel or some closely associated regulatory protein must contain phosphorylation sites for at least two distinct protein kinases. The open probability of the type-2 channel can be decreased by exogenously added PKA (Reinhart et al., 199 I) . and increased by exogenous PKC (Fig. I ) and by an endogenous protein kinase (Chung et al., 1991) that we show here exhibits properties of PKC. The results obtained here do not allow us to identify which of the many Cal'-sensitive and Ca"-insensitive subspecies of PKC (Nishizuka et al., 1989; Lester and Bramham, 1993: Dekker and Parker, 1994 ) is involved.
There are other examples of regulation of an ion channel by several different protein kinases. For example, in T lymphocytes the modulation of delayed rectifier potassium channels by PKA is enhanced by phosphorylation with PKC (Payet and Dupuis, 1992) . Similarly, in voltage-gated sodium channels that have been cloned and expressed in a mammalian cell line, there is a requirement for PKC phosphorylation to allow modulation by PKA (Li et al., 1993) . Coregulation has also been observed for calcium channels in sensory neurons (Braha et al., 1993) chloride channels in ventricular myocytes (Walsh and Kong, 1994) and glycine receptors expressed in Xenopus oocytes (Vaello et al., 1994) . Such convergent regulation of a single protein by two distinct second messenger systems implies that some ion channel proteins may act as a focus for integrating the input from different signaling pathways.
A phosphuttrse trctivit! intirnntely msociuted with the type-2 chumel
The fact that inhibition of the endogenous PKC-like kinase activity not only blocks but also reverses the modulation by ATP is strong evidence for an ongoing dephosphorylation reaction that participates in the regulation of channel activity. Also consistent with this idea is the finding that the channel open probability undergoes large oscillations after treatment with ATP (e.g., Figs. 5, 6A: see also Chung et al., 1991) , but not after treatment with ATPyS (Chung et al., 1991) . These data suggest that the oscillations in channel activity following ATP addition may reflect fluctuations in the balance between endogenous kinase and phosphatase activities; no oscillations are seen with ATPyS because the thiophosphorylated proteins it produces are very poor substrates for phosphatases (Gratecos and Fisher, 1974) . A role for an endogenous phosphatase in channel regulation is further confirmed by the finding that phosphatase inhibitors can enhance the action of ATP Furthermore, the enhancement produced by I-l indicates that the endogenous phosphatase activity is PP-I-like. This is consistent with previous data showing that exogenously added PP-1 can reverse the ATPmediated modulation of these type-2 channels (Chung et al., 1991) . Thus the kinase and phosphatase activities associated with type-2 K,, channels resemble, at least in some of their pharmacological properties, ubiquitous enzymes that participate in the regulation of many cellular properties in neurons and other cells (Byrne et al., 1993) .
A regulatory complex crssocicrted with type-2 K,.?, chmnels
The present findings, together with those we have reported previously (Chung et al., 1991) . provide strong evidence that type-2 K,:, channels exist as part of a regulatory complex that includes kinase and phosphatase activities both of which can regulate channel activity. Bielefeldt and Jackson (1994a,b) have also suggested a close association between type-2 channels and modulatory enzymes in membrane patches from posterior pituitary nerve terminals. We emphasize that such an association among channel, kinase, and phosphatase is the simplest mechanism consistent with these data. There is also evidence for more complicated biochemical cascades in channel modulation, including regulatory interactions between kinases and phosphatases themselves (White et al., 1993; Wilson and Kaczmarek, 1993) . The oscillations in type-2 channel activity after ATP treatment often have a period of several minutes (e.g., Figs. 5, 6A; Chung et al., 1991) . Presumably, the channel activity at any given time reflects its net phosphorylation state, and this in turn will depend on the balance between opposing kinase and phosphatase activities. We do not know what factors determine this balance, but the data on kinase/phosphatase cascades in channel regulation (White et al., 1993; Wilson and Kaczmarek, 1993) bring up the intriguing possibility that the kinase and phosphatase activities in a complex regulate each other.
In the case of type-2-like Kc,, channels in nerve terminals from the posterior pituitary, a calculation based on the kinetics of modulation in membrane patches suggests that the channels are phosphorylated by an intramolecular reaction but dephosphorylated by an intermolecular reaction (Bielefeldt and Jackson, 1994b) . This leads to the conclusion that the kinase (but not the phosphatase) involved in channel modulation is closely associated with the channel. Our experiments were carried out on channels reconstituted in phospholipid bilayers. in which channels and other proteins are essentially at infinite dilution, and hence both the endogenous kinase and phosphatase activities must be so intimately associated with the type-2 Kc,, channel that they diffuse with it in the bilayer (see note I2 in Chung et al., 1991, for the details of this argument). It is possible that the kinase and/or phosphatase activities reside in tightly bound subunits of the channel. A voltage-gated potassium channel, purified by its binding to the potassium channel toxin dendrotoxin, contains a protein kinase activity that may be intrinsic to a subunit that copurifies with the channel (Rehm et al., 1989) . It is becoming evident that all voltage-gated ion channels, including potassium channels (Rettig et al., 1994) , have auxiliary subunits that modulate channel properties (Isom et al., 1994) . and one of the functions of these auxiliary proteins may be to participate in the phosphorylation/dephosphorylation of the channels with which they are associated.
Another possibility is that the kinase and/or phosphatase activities are intrinsic to the ion channel protein itself. A search of potassium channel primary amino acid sequences provides no evidence for kinase or phosphatase catalytic domains. The Kc, channel encoded by the Drosophila slowpoke locus does contain an ATP binding domain (Atkinson et al., 1991; Adelman et al., 1992) similar to that found in protein kinases, but the function of this domain remains to be determined.
It is of interest that the Drosophilu slowpoke Kc, channel, expressed in Xerropus oocytes, can be modulated by ATPyS in the absence of exogenous protein kinases (Esguerra et al., 1994) . This modulation results from phosphorylation of one particular serine residue in the channel protein, by a PKA-like protein kinase that remains functionally associated with the channel in detached membrane patches (Esguerra et al., 1994) . Thus either the channel itself contains intrinsic kinase activity, or it can associate tightly with an endogenous kinase from a heterologous host cell in which it is not normally expressed. Both of these possibilities suggest that modulateability by phosphorylation and dephosphorylation is a fundamental property of Kc,, and perhaps other ion channels. 
